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ABSTRACT
Gene arrays and operons that encode functionally
linked proteins form the most basic unit of tran-
scriptional regulation in bacteria. Rules that gov-
ern the order and orientation of genes in these sys-
tems have been defined; however, these were based
on a small set of genomes that may not be repre-
sentative. The growing availability of large genomic
datasets presents an opportunity to test these rules,
to define the full range and diversity of these sys-
tems, and to understand their evolution. Here we
present SLING, a tool to Search for LINked Genes
by searching for a single functionally essential gene,
along with its neighbours in a rule-defined proxim-
ity (https://github.com/ghoresh11/sling/wiki). Exam-
ining this subset of genes enables us to understand
the basic diversity of these genetic systems in large
datasets. We demonstrate the utility of SLING on a
clinical collection of enteropathogenic Escherichia
coli for two relevant operons: toxin antitoxin (TA) sys-
tems and RND efflux pumps. By examining the diver-
sity of these systems, we gain insight on distinct
classes of operons which present variable levels of
prevalence and ability to be lost or gained. The im-
portance of this analysis is not limited to TA systems
and RND pumps, and can be expanded to understand
the diversity of many other relevant gene arrays.
INTRODUCTION
Operons and functionally linked gene arrays represent the
most basic unit of transcriptional organization in prokary-
otic genomes (1). Genes involved in the same process or
pathway are encoded in a single block, and transcribed un-
der the same regulation (1). Many clinically important gene
systems are encoded in operons; all secretion systems (2,3),
CRISPR-cas systems (4,5), ResistanceNodulationDivision
(RND) efflux pumps (6), toxin antitoxin (TA) systems (7,8)
and more follow this organization.
The structure of operons and gene arrays with similar
function can vary substantially across isolates and species.
The order of the genes is often changed, and individual
genes may be lost or gained (4,9,10). All of these differences
complicate comparisons of these systems between genomes
in large datasets. To resolve these issues, sophisticatedmeth-
ods have been developed to annotate specific operons (3,11–
14). These tools are restricted to particular operons as they
rely on previously defined structures and sequences, or re-
quire reprogramming for identification of new genetic struc-
tures. Alternatively, tools have been developed to predict all
operons in bacterial genomes, and have been used to con-
struct databases (15–18). Many of these tools apply their
searches on genome annotation files, leading to systems
which remain unobserved as they are not recognised by au-
tomatic annotation programmes due to very short coding
sequences.With the growing availability of large datasets for
the surveillance of important pathogens (19–21), there is a
need for a single flexible framework to annotate clinically
relevant gene arrays across a range of isolates and examine
their diversity.
Here we present SLING, a tool to Search for LINked
Genes (https://github.com/ghoresh11/sling/wiki). SLING
defines a gene array as a single conserved gene together with
its neighbours in a rule-defined proximity and orientation.
This definition allows SLING to capture the potential di-
versity of the gene array across isolates, and allows identi-
fying and studying their variability. For instance, RND ef-
flux operons always contain an RND efflux pump protein,
which is often located downstream of the membrane fusion
protein (6). In toxin antitoxin (TA) systems, a toxin protein
is encoded in close proximity to its cognate antitoxin. Us-
ing SLING, we were able to identify and characterise these
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two operons in an existing example dataset comprised of 70
enteropathogenic Escherichia coli (EPEC) genomes taken
from (22) and selected E. coli reference strain genomes. We
gained insights into the distribution of these systems across
the isolate phylogeny as well as the variation in their ge-
netic components, identified associations with specific lin-
eages, and obtained a deeper understanding about the pat-
tern of loss or gain of the complete arrays or their compo-
nents across the phylogeny.
MATERIALS AND METHODS
SLING
SLING is implemented in Python (2.7) and is available
to download from https://github.com/ghoresh11/sling. For
full details and example use cases, please refer to the pack-
age wiki (https://github.com/ghoresh11/sling/wiki). A de-
tailed workflow of the SLING search strategy is given in
the Results section (Figure 1).
Genome preparation. Complete genomes or assembled
contigs in FASTA format were six-frame translated using
Biopython v1.68 (23). By default, translation is performed
using the standard codon table and the permitted start
codons are [ATG, TTG, GTG], i.e. SLING will search for
the longest coding sequence (CDS) beginning with ATG, if
it is not found it will search for the longest CDS beginning
with TTGand finallyGTG.Annotation files of the provided
genomes in GFF format can also be provided to increase
sensitivity of the search (Supplementary Figure S1).
Searching. HMMER (v3.1b2) (24) was used to search all
CDSs for the profiles of the primary gene provided by the
user. The cut off used for a CDS to be considered a ‘hit’ for
downstream analysis is a HMMER bit score of the over-
all sequence/profile comparison of at least 20. The cutoff
was chosen based on the scores of toxin HMM profiles in
known toxin sequences downloaded from TADB (12,25).
For the applications presented in this paper, the HMMpro-
file libraries are built into SLING.
Filtering. ‘Partner’ genes are searched in proximity to the
hits according to structure requirements provided by the
user. The structure requirements include the orientation of
the partner gene relative to the conserved gene (upstream,
downstream or both for a three-component array), the min-
imum andmaximum length of the conserved gene, themini-
mum and maximum lengths of the partner genes (upstream
and downstream if applicable), and the limitations on the
location of the partner gene relative to the conserved gene
(maximum overlap and distance). If no partner is found
under the given requirements, the hit is discarded. For the
built-in HMM collections presented in this paper, these re-
quirements are provided by SLING; however, the default
values can easily be overridden. Partner genes which have
eight or more consecutive unknown nucleotides (Xs or Ns)
are removed at this stage and not considered by SLING.
Profile-specific length requirements. The user can provide
SLING with a file containing the expected length of pro-
teins of each of the profiles in the HMM collection, and a
limit on the maximum permitted difference between a hit’s
length and its expected length. This is useful when scanning
for multiple profiles of conserved proteins that have versa-
tile expected lengths.
Grouping. Sequence similarity networks (SSN) are con-
structed for all the hits and the partners identified using
protein-protein BLAST+ (v2.7) (26). When using an orien-
tation requirement of ‘either’, SLING will treat upstream
and downstream partners the same to form a single SSN.
When using ‘both’, SLING will generate an SSN for the
upstream partners and the downstream partners separately.
Each node in an SSN is either a hit or partner sequence.
An edge is drawn between two hit nodes or two partner
nodes only if they meet the minimum requirements of se-
quence similarity as provided by the user for the BLAST
output. The default requirements applied for the results in
this paper are an e-value of 0.01 and an identity of 30%.
All sequences found in the same connected component in
the SSN are considered to be in the same sequence cluster.
Each identified gene array is labelled with its relevant hit
and partner clusters.
Reporting discarded HMMmatches. The discarded hit se-
quences are grouped in an SSN as described above. Each
connected component in this network is then mapped back
to the clusters in the hits network and the discarded hit clus-
ters are labelled according to their equivalent hit cluster.
RND efflux pump data preparation
3,325 RND efflux pump sequences were downloaded (on
07.11.17) from Uniprot (27) by search of 26 known RND
pump genes, taken from 295 different genera (Supplemen-
tary Table S1) (Figure 2A). Sequences were clustered us-
ing cd-hit (v4.7) to remove redundant sequences which
share 90% identity (28). The remaining 1,242 sequences
were searched using HMMER (v3.1b2) against the Pfam
database (v30.0) to identify known RND pump domains
(24,29) (Figure 2B). A total of 29 Pfam profiles were identi-
fied in these sequences, of which a single profile, ACR tran
(PF00873), was chosen to represent all RND pumps as it
was present in over 99% of the sequences.
The length distribution of the above mentioned RND
pump proteins were plotted (Supplementary Figure S2A)
(Figure 2C). A minimum length of 700 aa long and maxi-
mum length of 1500 aa longwere chosen for theRNDpump
protein, covering over 94% of the downloaded sequences.
For the partner gene, a minimum length of 100 aa and max-
imum length of 1000 aa were chosen as flexible require-
ments for different partner genes and covering the length
of over 99% of membrane fusion proteins downloaded (on
07.11.17) from Uniprot (27) (Supplementary Figure S2B).
Finally, we allowed a maximum of 500 bp distance between
the partner and the RND pump, and at most 20 bp overlap.
Strains and phylogenetic analysis
The core gene phylogeny of 91 EPEC E. coli strains (Sup-
plementary Table S2) was inferred from a core gene align-
ment generated using Roary (30), and a maximum likeli-
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Figure 1. Overview of the SLING pipeline. (1) SLING input. The user may use one of the built-in cases or otherwise provide SLING with a collection of
HMMprofiles and structural requirements. The structural requirements presented provide a simple example of gene arrays withmultiple possible structures
(top left). Grey octagons represent variable genes. Circles represent conserved genes each with a matching HMM profile represented by a unique colour
which are used in the SLING search. Squares represent the partner genes consistently found in a rule-defined proximity to the conserved gene. (2) HMM
profile hits are found in the input genomes. (3) Partner genes are located. (4) Partner genes are filtered based on the given structural requirements. (5) Hits,
partners and discarded hits are grouped (alphabetic labelling) using sequence similarity networks. Discarded hits are mapped back to the accepted hits. (6)
SLING outputs can be loaded into ITOL for visualisation of results. Phylogenetic tree needs to be provided for visualisation.
hood tree from the informative SNPs, chosen using SNP-
sites (31) (v2.3.2), was constructed using RAxML (v8.2.8)
(32) with 100 bootstrap replicates.
RESULTS
SLING
SLING is a command line tool which requires a collec-
tion of assembled genomes (contigs or complete), Hidden
Markov Models (HMMs) representing a conserved gene
within the gene array of interest and optional structural re-
quirements as input (Figure 1). HMMs are statistical repre-
sentations of protein multiple sequence alignments which
can be used to search for homologous proteins (33). For
the use cases presented in this paper, the HMM profile li-
braries and structural requirements are built into SLING.
Briefly, each HMM profile is used to search the genomes
for the presence or absence of the primary gene. If the gene
is detected, referred to as a ‘hit’, SLING attempts to iden-
tify the partner protein coding sequences proximal to it. The
results are filtered to match the provided structural require-
ments, for example the distance between the partner and
hit or their permitted lengths. If the structural requirements
are unknown, SLINGwill search for the closest neighbour-
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ing genes with no limitations. Hits, partners and discarded
hits are grouped using sequence similarity networks. Fi-
nally, SLING reports the number of occurrences of each hit
group, partner group, complete array group and discarded
hit group found in each genome. These can easily be loaded
into statistical analysis tools or into ITOL (34), an online
tool for display and management of phylogenetic trees, cre-
ating an immediate interface for the user to examine the dis-
tribution across large datasets. SLING is available to down-
load from https://github.com/ghoresh11/sling. Full details,
including the parameters used in the example applications,
are provided in Materials and Methods and in the package
wiki (https://github.com/ghoresh11/sling/wiki).
Applications
Toxin antitoxin systems. Toxin Antitoxin (TA) systems
were first described to play a role in plasmid maintenance
via post-segregational killing of daughter cells that lose
the plasmid containing the TA system (35). They have
since been found to be ubiquitous in bacterial chromo-
somes, but their proposed role in other important cellular
processes such as persistence, biofilm formation, defence
against phage and stress response, is not well understood
(8,36). The majority of TA systems are two component
operons. One gene encodes a toxin that targets essential cel-
lular processes such as transcription or translation, lead-
ing to the inhibition of cell growth or cell death. The sec-
ond gene is the toxin’s cognate antitoxin which inhibits the
toxin’s activity (7,36) (Figure 3A). Altogether, there are six
types of TA systems, defined by the antitoxin and the na-
ture of its interaction with the toxin (36). Here, we focus on
type II TA systems in which the cognate antitoxin is a pro-
tein that inhibits the toxin through direct interactions. We
chose to focus on these systems to show the utility of the
program as type II systems are well studied and their struc-
ture is generally known; the antitoxin and toxin genes are
transcriptionally coupled with well-defined rules describing
the gene orientations and distance separating them (7,36).
Moreover, an extensive database of type II TA systems,
TADB (12,25) was available to us as a resource to bench-
mark the approach. Following the same set of rules, we have
also included type IV systems in which the antitoxin is also
a protein which inhibits the toxin’s activity via the toxin’s
target (37). Only a few type IV systems have been described
so far, and appear to be rare compared to the abundant type
II TA systems (37).
To generate a collection of toxin HMM profiles, used
as the primary gene in SLING, type II and type IV toxin
sequences were retrieved from the web based resource for
toxin-antitoxin loci, TADB (25) and were supplemented by
additional toxin sequences based on a literature search (Fig-
ure 2A). All the toxin sequences were scanned against the
Pfam protein domain database with HMMER to identify
known toxin domains, obtaining an initial set of 155 puta-
tive domains (24,29) (Figure 2B). Antitoxin domains and
domains of non-protein based TA systems were removed
as they were not the subject of this investigation. A test
dataset of 33 Klebsiella pneumoniae genomes and plasmids
(38) (Supplementary Table S3) was used to identify and re-
move Pfam profiles present in a high diversity of non-toxin
proteins that could lead to low specificity in identifying tox-
ins (Supplementary Figure S3). The final collection con-
sisted of 54 toxin profiles (see Supplementary Table S4).
The orientation requirement was set based on the knowl-
edge that the partner gene, i.e. the antitoxin, can be either
upstream or downstream of the toxin gene (7). The length
distributions of the toxin and antitoxin sequences down-
loaded from TADB were plotted (Supplementary Figure
S4) to define the length requirements (Figure 2C). Over 90%
of the toxins were between 30 and 200 aa long, and over 90%
of antitoxins were between 50 and 150 aa long; therefore,
these were used as the relevant cutoffs. Finally, a distance of
up to 50 bp and an overlap of at most 20 bp was permitted
between the toxin and antitoxin genes. The average length
of all the toxin sequences retrieved from TADB containing
each of the Pfam domains in our collection was calculated
(See Supplementary Table S4). These lengths vary quite sig-
nificantly for the different toxins. For these profiles, only hits
which were up to 100 aa longer or shorter than the average
toxin length were accepted for further steps.
A similar process can be applied to construct the HMM
profile libraries of other genes and to define the struc-
tural parameters. HMM profiles can also be generated di-
rectly from a collection of genes using HMMER (Figure
2B) (http://eddylab.org/software/hmmer3/3.1b2/Userguide.
pdf) (24). Finally, if the structural requirements are un-
known, SLING provides default parameters for a flexible
search which will identify the closest partner genes proxi-
mate to the primary gene.
SLING identifies new and known TA systems in E. coli K-
12. Using the parameters described above we searched E.
coli K-12 strain MG1655 (NC 000913.3) for TA systems.
SLING identified 23 TA systems in total (Figure 3B, Sup-
plementary Table S5). We compared these results to the
TA systems in TADB and those predicted by TAfinder, the
search program offered by TADB, using the same param-
eters used in SLING (12,25). Nine of the 23 systems were
identified by all three methods. TADB missed five TA pre-
dictions which were identified by the other two methods,
whereas TAfinder missed one. A single system, identified by
TADB, is missed by both SLING and TAfinder, the rnlAB
system. The RnlA toxin has a length of 397 aa, beyond the
maximum length threshold of 200 aa for a toxin applied in
our implementation.
SLING identified eight TA systems which were not pre-
dicted by TADB or TAfinder. Of these, four have been pre-
dicted in the past to be TA systems; the YkfI-YafW system
(37,39), the GnsAB TA system (40), the RatAB system (41)
and the YdaST system (42). Four more predictions have not
been previously described as TA systems and are candidates
for further investigation. One contains an HD domain, two
contain aGNATdomain and the last a YdaT toxin domain,
consistent with their proposed function.
TADB and TAfinder identified TA systems that were not
identified by SLING. Thirteen of the TADB results be-
longed to the TA system classes that were not investigated
in this study (Supplementary Table S5). An additional two
toxins were predicted which, using HMMER, did not con-
tain any described toxin profile used by SLING. Finally,
TAfinder predicts three TA systems which we attempted to
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Figure 2. Construction of HMM profiles and structural requirements for SLING input. (A) A collection of known target genes is required, taken from
existing databases (toxins; TADB, RND pumps; Uniprot), a literature search or other sources. (B) HMM profiles can be generated directly from the
target sequences using HMMER (24) hmmpress or can be scanned by HMMER hmmscan against existing HMM profile databases, for instance, Pfam
(http://eddylab.org/software/hmmer3/3.1b2/Userguide.pdf) (29). (C) Structural requirements can be inferred from the target gene sequences, known from
prior knowledge or otherwise, flexible using SLING’s default parameters.
retrieve from the reference genome but were unable to iden-
tify complete CDSs at the relevant locus.
TA systems present different inheritance patterns and an-
titoxin repertoire in the EPEC collection. To search for
TA systems in a diverse set of related bacteria we applied
SLINGwith standard settings (seeMaterials andMethods)
on a collection of 70 EPEC isolate genomes taken from (22),
supplemented by an additional 21 commonly studiedE. coli
reference strains (Supplementary Table S2). The EPEC iso-
lates were collected from children presenting with diarrhea
from seven centres in Africa and Asia (22).
SLING identified a total of 94 different TA operons in
the complete E. coli collection built of 44 toxin (hit) clusters
and 80 antitoxin (partner) clusters. The toxins (Supplemen-
tary Figure S5), antitoxins (Supplementary Figure S6) and
operons (Supplementary Figure S7) are distributed differ-
ently along the phylogeny; some are ubiquitous and present
in all the isolates, often in more than a single copy, others
are specific to one of the E. coli phylogroups, and others are
rare, present only in a small number of isolates. These re-
sults suggest that the diversity of TA systems in E. coli is
not only driven by the range of toxins, but enhanced by the
high diversity of putative antitoxins located in proximity to
these toxins.
Belowwe present examples of three toxins to illustrate the
type of analysis and interpretation that can be accomplished
using SLING (Figure 3C).
YoeB toxin presents low antitoxin repertoire, with low evi-
dence of gene loss/gain. Using the YoeB profile (Figure
3C), yoeB was never found as an orphan gene with all
genes identified being partnered with the same antitoxin,
strengthening the hypothesis that it serves as a toxin in a TA
system. This system was also ubiquitous, present across all
EPEC phylogroups. In addition, there was no evidence of
duplication events, with a single copy of the operon in each
isolate. Interestingly there were examples of loss or gain of
the whole operon in nine locations within the phylogeny,
strengthening the hypothesis that it serves as a toxin in a
TA system.
PemK toxin presents medium antitoxin repertoire, with high
evidence of gene loss/gain. The second toxin (Figure 3C),
containing a PemK profile, showed diversity in its antitoxin
repertoire: it is found with two different antitoxins: A and
B. Most copies of this toxin are found with one of the anti-
toxins (A; 97%), which is present across all the phylogroups.
For this operon, there is a strong indication of gain events
followed by fixation and vertical propagation; a subclade
with a copy number of n is often found within a clade
with copy number n-1. This phenomenon occurred indepen-
dently multiple times in the phylogeny. The pervasiveness of
this operon can either allude to its importance, or otherwise,
suggests it is successful at spreading in the population and
persisting. The second operon (B) is rare and found only in
five isolates as a single copy. It was most likely acquired in
three independent events. Finally, like yoeB toxin, this toxin
was always recognised as a valid hit by SLING.
HipA toxin presents high antitoxin repertoire, with low evi-
dence of gain/loss of the same genes. The third toxin (Fig-
ure 3C), containing a HipA profile, presents a much higher
diversity in its antitoxin repertoire with five candidate anti-
toxins. Four of these antitoxins (A–D) are upstream to the
toxin, whereas the last antitoxin (E) is found downstream
to the toxin and is always present with one of the upstream
antitoxins.
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Figure 3. Identification of TA systems using SLING. (A) Possible structures of TA operons (7). Each toxin has a unique HMM profile, represented by
different colours. (B) Identification of TA systems in E. coli K-12 using SLING, TADB and TAfinder. Positive prediction by a method represented in a
dark blue square. (C) Description of three toxins and their cognate antitoxins in the E. coli collection.
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Looking at their phylogenetic distribution, although
many of the isolates have more than one copy of the hipA
toxin, it is apparent that within one genome each individual
toxin gene is partnered with a different antitoxin. The ma-
jority of toxin genes are linked to antitoxin A (62%), which
together are present across all phylogroups (Figure 3C). The
three other antitoxins (B, C and D) are lineage specific and
only present in the B2 phylogroup. Interestingly, all isolates
with antitoxins C or D also have antitoxin B.
Although HipA is a well described toxin, we observed
many cases in which SLING filtered the predicted toxin
gene out due to deviations from the expected operon struc-
ture. These genes were marked as discarded by SLING as
a result of this. However, analysis of these discarded toxins
showed that they formed two separate sequence clusters:X1
and X2. All the X1 toxins coincide with isolates which are
missing the A antitoxin. As for X2, all the discarded toxins
are within phylogroup B2, coinciding with isolates which
are missing antitoxins B and C.
RND efflux pumps. Efflux pumps play an important role
in multidrug resistance as they confer a mechanism for
the efflux of antibiotics (43). One example of this are the
resistance-nodulation-division (RND) family of membrane
transporters found in Gram-negative bacteria (6,44). RND
family pumps consist of three components: an outer mem-
brane protein (OMP), a periplasmic fusion protein (MFP)
and an RND pump (Figure 4A). In most cases, the MFP
and RND components are found in an operon, whereas the
OMP is located in a different location (6). A database of
knownRND-family Pfamprofiles was constructed as above
as for TA systems (see Materials and Methods). The RND
pump protein is highly conserved and in most instances, the
MFP is located upstream of it and transcriptionally cou-
pled to it. However, there are variations to this structure (6).
These properties make SLING suitable for the annotation
of RND pumps by using the RND pump Pfam profile to
identify the conserved gene hit and applying flexible struc-
ture requirements on the partner gene.
Seven RND efflux pumps are reported in the literature
for E. coli K-12 strain W3110 (AP009048.1) (6). Of these,
SLING identifies the six RND pumps which fit the struc-
ture requirements applied in our analysis: acrB, cusA,mdtB,
acrF, acrD and mdtF (Figure 4B, Supplementary Table
S6). Since mdtC pump is found downstream to another
RNDpump,mdtB, (Figure 4A) this pumpwas discarded by
SLING as the upstream gene was not in the correct length.
RND efflux pump operons differ in prevalence in E. coli col-
lection. Five unique RND pump operons were identified
in this analysis (Figure 4C). These operons consist of two
unique RND protein (hit) clusters (a and b) and four part-
ner protein clusters (A-D).
The A partner protein is indeed a MFP and includes all
the known MFPs found in E. coli K-12 (Figure 4B). It is
highly prevalent and found in two different operons, with
the two RND pump proteins. The ‘A-a’ operon is ubiqui-
tous, with at least four copies per strain. The ‘A-b’ operon,
on the other hand, is found in a single copy in most isolates.
The ‘b’ pump corresponds to the cusARNDpump inE. coli
K-12, whereas the ‘a’ pump represents all the other known
RND pumps in E. coli K-12 (Figure 4B).
The B partner protein is a histidine kinase. This protein
maps back to narQ gene, found upstream to the acrDRND
pump in E. coli K-12 (6). This operon was lost in specific
clades within the B1 and B2 phylogroups. These clades are
correlated with the discarded hits, suggesting two events oc-
curred that led to deviation from the expected operon struc-
ture in these clades.
Finally, the C and D partner proteins are only observed
once and in a single isolate (E. coli IAI39, NC 011750.1).
Both proteins are short with ‘C’ partner protein 138 aa long
and the ‘D’ partner protein 310 aa long. BLAST results
of protein ‘C’ against the non-redundant protein sequence
database suggest it is a histidine kinase similar to partner
protein ‘B’. Protein ‘D’, on the other hand, appears to be
a truncated RND pump protein. These appear to be false
positives which can be removed by applying more stringent
requirements to the permitted length of the partner gene.
DISCUSSION
We present SLING, an open source tool to identify operons
or conserved gene arrays in bacterial datasets by using one
of the conserved genes within the array to identify the linked
genes which appear in a rule-defined proximity (Figure 5A).
SLING enables to test these defined rules by examining
the diversity of the neighbouring genes, and by identifying
arrays which deviate from the expected structure (Figure
5B). We provide built-in libraries and demonstrate its util-
ity to understand the diversity of a simple two-component
operon, TA systems, and a complex operon, the RND ef-
flux pump, in a collection of clinically relevant and reference
E. coli strains. The utility of SLING is not limited to these
operons, and can be easily applied to other important oper-
ons or gene pairs such as CRISPR-cas systems, restriction-
modification systems, secretion systems, and more. Users
may construct HMM libraries and structural requirements
in their area of expertise which can be shared with the com-
munity by uploading them to the public repository, enabling
the extension of the built-in SLINGuse cases.When search-
ing for an unknown set of linked genes, SLING is a discov-
ery tool which identifies genes linked to the primary gene
and the structures in which they are found by applying de-
fault flexible structural requirements.
While other tools exist for annotating bacterial genomes
for operons, and specifically TA systems, these tools are
web-based and do not allow for batch annotations or com-
parison between different isolates (12,14,38,45–47). Fur-
thermore, they do not allow the addition of custom se-
quences or domains in the search (3,12,14). This limits the
search, and the quality and relevance of the annotation is
determined by the quality of the database. Users have to rely
on updates to obtain the most up to date results. SLING
is flexible and the user can easily append new profiles into
its search, enabling easy identification of new and not well
studied systems.
We present SLING’s added value in sub-categorising the
conserved geneswithin the gene arrays based on their neigh-
bours. While some genes present high diversity in their pos-
sible neighbours, others present low diversity. We would
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Figure 4. Annotation of RND efflux pumps using SLING. (A) Four example operon structures of RND efflux pumps present in E. coliK-12 (6). All RND
pump proteins HMM share a single conserved profile, represented by a single colour. (B) Annotation of RND efflux pumps in E. coliK-12 using SLING.
(C) Description of the diversity of RND efflux pumps in the E. coli collection.
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Figure 5. Utility of SLING. (A) Search for gene pairs and triplets based on a single conserved gene (circle) and set of rules on the order and orientation of
the neighbouring genes (squares). (B) Test the defined rules by examining the diversity of the neighbouring genes and identifying gene arrays which deviate
from the expected structure. (C) Directly identify new genes (squares). ( D) Iteratively identify new genes by using the novel neighbour genes (squares) as
the input HMM profiles.
not be able to obtain this understanding by looking at the
conserved gene alone. Likewise, by examining the diversity
of the neighbouring genes, SLING helps to further sub-
categorise the gene combinations according to varying in-
dications of these arrays being lost or gained.
Finally, as SLING relies on a single gene for its search, it
can be used to search for novel genes either directly, by look-
ing at the partner genes identified (Figure 5C), or indirectly,
but constructingHMMprofiles of the newly identified part-
ner genes and iteratively using these as the conserved gene
(Figure 5D).
DATA AVAILABILITY
SLING is available to download from the GitHub repos-
itory https://github.com/ghoresh11/sling. The alignment
and tree files are available under https://doi.org/10.6084/
m9.figshare.5977783.v1. The accession numbers of all
strains used in this paper are available in the Supplemen-
tary Tables S2 and S3.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
ACKNOWLEDGEMENTS
We thankMartinHunt for his support and technical advice.
FUNDING
Wellcome Sanger Institute [098051]; G.H. is supported by
a Wellcome Sanger Institute Ph.D. Studentship; A.H. is
supported by a European Molecular Biology Organization
(EMBO) Long-Term Fellowship [ALTF 564-2016]; K.G is
supported by the Danish National Research Foundation
[DNRF120] and the Novo Nordisk Foundation. Funding
for open access charge:Wellcome Sanger Institute [098051].
Conflict of interest statement.None declared.
REFERENCES
1. Rocha,E.P.C. (2008) The organization of the bacterial genome. Annu.
Rev. Genet., 42, 211–233.
2. Costa,T.R.D., Felisberto-Rodrigues,C., Meir,A., Prevost,M.S.,
Redzej,A., Trokter,M. and Waksman,G. (2015) Secretion systems in
Gram-negative bacteria: structural and mechanistic insights. Nat.
Rev. Microbiol., 13, 343–359.
3. Abby,S.S., Cury,J., Guglielmini,J., Ne´ron,B., Touchon,M. and
Rocha,E.P.C. (2016) Identification of protein secretion systems in
bacterial genomes. Sci. Rep., 6, 23080.
4. Makarova,K.S., Wolf,Y.I., Alkhnbashi,O.S., Costa,F., Shah,S.A.,
Saunders,S.J., Barrangou,R., Brouns,S.J.J., Charpentier,E.,
Haft,D.H. et al. (2015) An updated evolutionary classification of
CRISPR-Cas systems. Nat. Rev. Microbiol., 13, 722–736.
5. Rath,D., Amlinger,L., Rath,A. and Lundgren,M. (2015) The
CRISPR-Cas immune system: biology, mechanisms and applications.
Biochimie., 117, 119–128.
6. Anes,J., McCusker,M.P., Fanning,S. and Martins,M. (2015) The ins
and outs of RND efflux pumps in Escherichia coli. Front. Microbiol.,
6, 587.
7. Pandey,D.P. and Gerdes,K. (2005) Toxin–antitoxin loci are highly
abundant in free-living but lost from host-associated prokaryotes.
Nucleic Acids Res., 33, 966–976.
8. Harms,A., Maisonneuve,E. and Gerdes,K. (2016) Mechanisms of
bacterial persistence during stress and antibiotic exposure. Science,
354, aaf4268.
9. Itoh,T., Takemoto,K., Mori,H. and Gojobori,T. (1999) Evolutionary
instability of operon structures disclosed by sequence comparisons of
complete microbial genomes.Mol. Biol. Evol., 16, 332–346.
10. Price,M.N., Arkin,A.P. and Alm,E.J. (2006) The life-cycle of operons.
PLoS Genet., 2, e96.
11. Sevin,E.W. and Barloy-Hubler,F. (2007) RASTA-Bacteria: a
web-based tool for identifying toxin-antitoxin loci in prokaryotes.
Genome Biol., 8, R155.
12. Xie,Y., Wei,Y., Shen,Y., Li,X., Zhou,H., Tai,C., Deng,Z. and
Ou,H.-Y. (2017) TADB 2.0: an updated database of bacterial type II
toxin-antitoxin loci. Nucleic Acids Res., 46, D749–D753.
13. Zhang,Q. and Ye,Y. (2017) Not all predicted CRISPR–Cas systems
are equal: isolated cas genes and classes of CRISPR like elements.
BMC Bioinformatics, 18, 92.
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gky738/5075028 by London School of H
ygiene & Tropical M
edicine user on 20 Septem
ber 2018
10 Nucleic Acids Research, 2018
14. Martı´nez-Garcı´a,P.M., Ramos,C. and Rodrı´guez-Palenzuela,P. (2015)
T346Hunter: a novel web-based tool for the prediction of type III,
type IV and type VI secretion systems in bacterial genomes. PLoS
One, 10, e0119317.
15. Cao,H., Ma,Q., Chen,X. and Xu,Y. (2017) DOOR: a prokaryotic
operon database for genome analyses and functional inference. Brief.
Bioinform., doi:10.1093/bib/bbx088.
16. Mao,F., Dam,P., Chou,J., Olman,V. and Xu,Y. (2009) DOOR: a
database for prokaryotic operons. Nucleic Acids Res., 37,
D459–D463.
17. Dam,P., Olman,V., Harris,K., Su,Z. and Xu,Y. (2007) Operon
prediction using both genome-specific and general genomic
information. Nucleic Acids Res., 35, 288–298.
18. Taboada,B., Ciria,R., Martinez-Guerrero,C.E. and Merino,E. (2012)
ProOpDB: prokaryotic operon DataBase. Nucleic Acids Res., 40,
D627–D631.
19. Holt,K.E., Wertheim,H., Zadoks,R.N., Baker,S., Whitehouse,C.A.,
Dance,D., Jenney,A., Connor,T.R., Hsu,L.Y., Severin,J. et al. (2015)
Genomic analysis of diversity, population structure, virulence, and
antimicrobial resistance in Klebsiella pneumoniae, an urgent threat to
public health. Proc. Natl. Acad. Sci. U.S.A., 112, E3574–E3581.
20. Mutreja,A., Kim,D.W., Thomson,N.R., Connor,T.R., Lee,J.H.,
Kariuki,S., Croucher,N.J., Choi,S.Y., Harris,S.R., Lebens,M. et al.
(2011) Evidence for several waves of global transmission in the
seventh cholera pandemic. Nature, 477, 462–465.
21. Reuter,S., Connor,T.R., Barquist,L., Walker,D., Feltwell,T.,
Harris,S.R., Fookes,M., Hall,M.E., Petty,N.K., Fuchs,T.M. et al.
(2014) Parallel independent evolution of pathogenicity within the
genus Yersinia. Proc. Natl. Acad. Sci. U.S.A., 111, 6768–6773.
22. Hazen,T.H., Donnenberg,M.S., Panchalingam,S., Antonio,M.,
Hossain,A., Mandomando,I., Ochieng,J.B., Ramamurthy,T.,
Tamboura,B., Qureshi,S. et al. (2016) Genomic diversity of EPEC
associated with clinical presentations of differing severity. Nat.
Microbiol., 1, 15014.
23. Cock,P.J.A., Antao,T., Chang,J.T., Chapman,B.A., Cox,C.J.,
Dalke,A., Friedberg,I., Hamelryck,T., Kauff,F., Wilczynski,B. et al.
(2009) Biopython: freely available Python tools for computational
molecular biology and bioinformatics. Bioinformatics, 25, 1422–1423.
24. Eddy,S.R. (2011) Accelerated Profile HMM Searches. PLoS Comput.
Biol., 7, e1002195.
25. Shao,Y., Harrison,E.M., Bi,D., Tai,C., He,X., Ou,H.-Y.,
Rajakumar,K. and Deng,Z. (2011) TADB: a web-based resource for
Type 2 toxin-antitoxin loci in bacteria and archaea. Nucleic Acids
Res., 39, D606–D611.
26. Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J.
(1990) Basic local alignment search tool. J. Mol. Biol., 215, 403–410.
27. The UniProt Consortium (2017) UniProt: the universal protein
knowledgebase. Nucleic Acids Res., 45, D158–D169.
28. Li,W. and Godzik,A. (2006) Cd-hit: a fast program for clustering and
comparing large sets of protein or nucleotide sequences.
Bioinformatics, 22, 1658–1659.
29. Sonnhammer,E.L., Eddy,S.R. and Durbin,R. (1997) Pfam: a
comprehensive database of protein domain families based on seed
alignments. Proteins, 28, 405–420.
30. Page,A.J., Cummins,C.A., Hunt,M., Wong,V.K., Reuter,S.,
Holden,M.T.G., Fookes,M., Falush,D., Keane,J.A. and Parkhill,J.
(2015) Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics, 31, 3691–3693.
31. Page,A.J., Taylor,B., Delaney,A.J., Soares,J., Seemann,T., Keane,J.A.
and Harris,S.R. (2016) SNP-sites: rapid efficient extraction of SNPs
from multi-FASTA alignments.Microb. Genom., 2, e000056.
32. Stamatakis,A. (2014) RAxML version 8: a tool for phylogenetic
analysis and post-analysis of large phylogenies. Bioinformatics, 30,
1312–1313.
33. Eddy,S.R. (1998) Profile hidden Markov models. Bioinformatics, 14,
755–763.
34. Letunic,I. and Bork,P. (2016) Interactive tree of life (iTOL) v3: an
online tool for the display and annotation of phylogenetic and other
trees. Nucleic Acids Res., 44, W242–W245.
35. Gerdes,K., Rasmussen,P.B. and Molin,S. (1986) Unique type of
plasmid maintenance function: postsegregational killing of
plasmid-free cells. Proc. Natl. Acad. Sci. U.S.A., 83, 3116–3120.
36. Page,R. and Peti,W. (2016) Toxin-antitoxin systems in bacterial
growth arrest and persistence. Nat. Chem. Biol., 12, 208–214.
37. Wen,Z., Wang,P., Sun,C., Guo,Y. and Wang,X. (2017) Interaction of
type IV Toxin/Antitoxin systems in cryptic prophages of escherichia
coli K-12. Toxins, 9, 77.
38. Wei,Y.-Q., Bi,D.-X., Wei,D.-Q. and Ou,H.-Y. (2016) Prediction of
Type II Toxin-Antitoxin Loci in Klebsiella pneumoniae Genome
Sequences. Interdiscip. Sci., 8, 143–149.
39. Brown,J.M. and Shaw,K.J. (2003) A novel family of Escherichia coli
toxin-antitoxin gene pairs. J. Bacteriol., 185, 6600–6608.
40. Wei,Y., Zhan,L., Gao,Z., Prive´,G.G. and Dong,Y. (2015) Crystal
structure of GnsA from Escherichia coli. Biochem. Biophys. Res.
Commun., 462, 1–7.
41. Zhang,Y. and Inouye,M. (2011) RatA (YfjG), an Escherichia coli
toxin, inhibits 70S ribosome association to block translation
initiation.Mol. Microbiol., 79, 1418–1429.
42. Yamaguchi,Y. and Inouye,M. (2011) Regulation of growth and death
in Escherichia coli by toxin–antitoxin systems. Nat. Rev. Microbiol.,
9, 779–790.
43. Sun,J., Deng,Z. and Yan,A. (2014) Bacterial multidrug efflux pumps:
mechanisms, physiology and pharmacological exploitations.
Biochem. Biophys. Res. Commun., 453, 254–267.
44. Blair,J.M.A. and Piddock,L.J.V. (2009) Structure, function and
inhibition of RND efflux pumps in Gram-negative bacteria: an
update. Curr. Opin. Microbiol., 12, 512–519.
45. Andersen,S.B., Ghoul,M., Griffin,A.S., Petersen,B., Johansen,H.K.
and Molin,S. (2017) Diversity, prevalence, and longitudinal
occurrence of type II Toxin-Antitoxin systems of pseudomonas
aeruginosa infecting cystic fibrosis lungs. Front. Microbiol., 8, 1180.
46. Coray,D.S., Wheeler,N.E., Heinemann,J.A. and Gardner,P.P. (2017)
Why so narrow: distribution of anti-sense regulated, type I
toxin-antitoxin systems compared to type II and type III systems.
RNA Biol., 14, 275–280.
47. Jurenaite,M., Markuckas,A. and Suziedeliene,E. (2013) Identification
and characterization of type II toxin-antitoxin systems in the
opportunistic pathogen Acinetobacter baumannii. J. Bacteriol., 195,
3165–3172.
D
ow
nloaded from
 https://academ
ic.oup.com
/nar/advance-article-abstract/doi/10.1093/nar/gky738/5075028 by London School of H
ygiene & Tropical M
edicine user on 20 Septem
ber 2018
